Polymeric microspheres (MSs) have received attention for their potential to improve the delivery of drugs with poor oral bioavailability. Although MSs can be absorbed into the absorptive epithelium of the small intestine, little is known about the physiologic mechanisms that are responsible for their cellular trafficking. In these experiments, nonbiodegradable polystyrene MSs (diameter range: 500 nm to 5 μm) were delivered locally to the jejunum or ileum or by oral administration to young male rats. Following administration, MSs were taken up rapidly (≤5 min) by the small intestine and were detected by transmission electron microscopy and confocal laser scanning microscopy. Gel permeation chromatography confirmed that polymer was present in all tissue samples, including the brain. These results confirm that MSs (diameter range: 500 nm to 5 μm) were absorbed by the small intestine and distributed throughout the rat. After delivering MSs to the jejunum or ileum, high concentrations of polystyrene were detected in the liver, kidneys, and lungs. The pharmacologic inhibitors chlorpromazine, phorbol 12-myristate 13-acetate, and cytochalasin D caused a reduction in the total number of MSs absorbed in the jejunum and ileum, demonstrating that nonphagocytic processes (including endocytosis) direct the uptake of MSs in the small intestine. These results challenge the convention that phagocytic cells such as the microfold cells solely facilitate MS absorption in the small intestine.
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oral delivery | uptake mechanism B eginning in the 1960s, several groups (1) (2) (3) (4) (5) (6) (7) demonstrated that the small intestine could absorb microparticles with a diameter >1 μm, challenging dogma that the small intestine could only absorb small macromolecules. After this discovery, researchers began engineering microspheres (MSs) to deliver drugs with poor water solubility (8) (9) (10) , poor gastrointestinal permeability (11) , or poor oral bioavailability (8, 9, (12) (13) (14) (15) to the small intestine. MS-based oral drug delivery systems (ODDSs) can be made from biodegradable polymers (12, (16) (17) (18) , nondegradable polymers (19) (20) (21) , and polysaccharides (22, 23) and can be engineered to carry polypeptides (18, 24, 25) and other molecules (26, 27) . The motivation for using microparticulate-based ODDSs is to improve the oral bioavailability of drugs by enhancing their delivery and transit through the absorptive epithelium of the small intestine. This work may ultimately enable patients to take medications orally instead of relying on daily or weekly injections or other, less convenient routes of administration (28) .
More than five decades after Sanders and Ashworth discovered that the small intestine can engulf large particles (1), little is known today about the cellular mechanisms or physiologic pathways that facilitate the absorption, transit, and biodistribution of microparticles that are delivered to the small intestine. Nonetheless, the diverse physiology and multitude of cell types in the small intestine likely play a central role in these processes. The absorptive epithelium is comprised primarily of enterocytes, cells that are critical for nutrient absorption (29) (30) (31) (32) (33) . The distal jejunum and ileum contain a greater density of Peyer's patches and follicle-associated epithelium (FAE), regions that contain microfold (M) cells, which can facilitate the uptake of antigens (29, 34, 35) , viruses (36, 37) , and microorganisms (38, 39) .
Given the immunological importance and phagocytic activity of M cells, researchers have focused on delivering microparticulatebased ODDSs to the Peyer's patches and the FAE (40, 41) , both of which were once thought to be the regions chiefly responsible for microparticle uptake in the small intestine (42) (43) (44) (45) (46) (47) . However, non-FAE tissue can also play a role in the absorption and transit of MSs (48, 49) . Despite the promise of M cell-targeted delivery, M cells comprise <1% of the total surface area of the absorptive epithelium; their scarcity makes targeting these cells difficult.
Many groups have used qualitative or semiquantitative methods to estimate the absorption and biodistribution of MSs in the small intestine, yet very few groups (50) have used quantitative methods to measure the actual percentage of MSs that are absorbed in the small intestine relative to the administered dose. Furthermore, very little research has been done in vivo to understand the specific cellular mechanisms that facilitate MS uptake, the relative importance of each mechanism, or the biodistribution of MSs following oral administration. Understanding the biodistribution and ultimate fate of MSs following ingestion are important for drug targeting, pharmacokinetics, and toxicology.
The objectives of our experiments were threefold: use electron and confocal microscopy to confirm the uptake of polystyrene MSs in the small intestine; approximate the number of polystyrene MSs that are absorbed in the small intestine; and determine the biodistribution of polystyrene MSs following oral or local delivery to the small intestine. In addition, we compared total uptake in the presence and absence of cellular inhibitors to determine which pathways facilitate MS uptake in the small intestine.
Results
Transmission Electron Microscopy. Ultrastructural analysis of the small intestine revealed that it was not damaged during the isolated loop surgical procedure. Five minutes after isolating the intestinal loop, MSs (200 nm) were detected in the intestinal lumen adjacent to the microvilli (brush border) of the absorptive epithelium (Fig. 1A) . MSs (200 nm) were also observed within Conflict of interest statement: E.M. has a financial interest in Perosphere and Therapyx, two start-up companies. However, the work here is not directly relevant to their business, and the work has more general importance to the field of oral delivery.
This article is a PNAS Direct Submission. enterocytes ( Fig. 1 B and C) . After 5 min, larger MSs (500 nm) were observed within enterocytes near the lateral membrane of the apical cell boundary (Fig. 1D ) and within cytosolic vesicles (Fig. 1E ).
Confocal Microscopy. Fig. 2 shows representative confocal laser scanning micrographs (CLSMs) of rat jejunum (villus) after completion of a 1-h isolated loop procedure. In Fig. 2 A and B, the jejunum was observed after staining the tissue with DAPI and FM 1-43 stain. In Fig. 2C , fluorescent polystyrene MSs (500 nm) were observed within the jejunum. An overlay of Fig. 2 A-C revealed that MS traversed from the intestinal lumen through the apical membrane of enterocytes into the villus core (Fig. 2D) . 3D fluorescence image analysis confirmed that MSs were colocalized within the tissue and were not separated from the intestine during specimen preparation.
Gel Permeation Chromatography. Effect of microsphere diameter on absorption in the small intestine. The uptake of polystyrene MSs following oral administration (fed) or local delivery to the jejunum or ileum is shown in Fig. 3 . Total uptake was generally inversely related to MS diameter, independent of delivery method (local vs. oral), yet a greater percentage of 5-μm MSs was absorbed in the jejunum and ileum compared with 2-μm MSs. In the jejunum and ileum, 1-and 2-μm MSs were less likely to be absorbed than 500-nm MSs. A greater number of 500-nm MSs were absorbed in the jejunum compared with the ileum (45.8 ± 8.6% vs. 34.9 ± 9.3%, respectively). In the ileum, total uptake of 500-nm and 1-μm MSs was similar (34.9 ± 9.3% vs. 32.2 ± 11.5%, respectively). Following oral administration, uptake of 500-nm and 1-μm MSs was smaller compared with the uptake observed after delivery to the jejunum and ileum. Microsphere biodistribution. Fig. 4A shows MS uptake following local administration to the jejunum (500 nm) and ileum (1 μm). One hour following the administration of 500-nm MSs, small concentrations of polymer were detected, but a greater concentration of polymer following the administration of 1-μm MSs was detected. After 3 h, greater quantities of 500-nm and 1-μm MSs were detected. After 5 h, a greater concentration of polymer was detected in animals that received 500-nm MSs compared with animals who received 1-μm MSs.
The concentration of polymer (expressed as a percentage of total uptake) following local delivery of 500-nm MSs to the jejunum is shown in Fig. 4B . After 1 h, the concentration of polymer detected in all assayed regions was low. After 3 h, a greater concentration of polymer was detected within the liver than all other regions combined. After 5 h, >30% of the total cumulative administered dose was detected within the liver, and a small but increasing concentration of polymer was detected within the kidneys.
The concentration of polymer (expressed as a percentage of total uptake) following local delivery of 1-μm MSs to the ileum is shown in Fig. 4C . One hour after local administration, more polymer was detected in the lungs than any other region; very little polymer was detected in the liver. After 3 h, smaller concentrations of polymer were found within the lungs, and more polymer was detected in the liver and kidneys. After 5 h, a higher concentration of polymer was detected in the liver, kidneys, and lungs compared with other assayed regions. Fig. 4D shows the concentration of polymer following the oral administration of 500-nm and 1-μm MSs to rats. After 5 h, a greater number of 500-nm MSs were detected in the stomach relative to larger MSs, yet a greater number of 1-μm MSs were found within the jejunum, ileum, colon, and cecum (Fig. 4D) . After 5 h, very few 500-nm and 1-μm MSs were found within the duodenum.
The biodistribution of MS following oral administration or local delivery to the jejunum or ileum is shown in Table S1 . Five hours after administering 500-nm MSs, more polymer was detected in the liver than any other region. Larger MSs (1, 2, and 5 μm) were also detected in the liver, albeit in smaller quantities. Following local MS administration to the jejunum and ileum, a greater concentration of polymer was detected in the liver, kidneys, and lungs compared with other assayed regions. Polymer was detected in almost every tissue sample, including the brain.
Effect of Endocytosis Inhibitors on Microsphere Uptake in the Jejunum
and Ileum. Fig. 5 shows the total uptake of MS in the jejunum (Fig. 5A) and ileum (Fig. 5B) following local delivery of endocytosis blockers to these regions. After 5 h, the endocytosis blockers chlorpromazine (CPZ), phorbol 12-myristate 13-acetate (PMA), and cytochalasin D (CytD) caused a reduction in the total number of MSs absorbed by the jejunum relative to untreated animals (3.6 ± 2.1%, 10.3 ± 2.3%, and 7.5 ± 2.0% for CPZ, PMA, and CytD, respectively, vs. 45.8 ± 8.6% for untreated animals). Five hours after administering the pharmacologic inhibitors to the ileum, MS uptake decreased relative to untreated animals (12.1 ± 3.6%, 14.4 ± 3.6%, and 4.5 ± 1.6% for CPZ, colchicine, and CytB, respectively, vs. 32.2 ± 11.5% in the absence of inhibitor). In addition to observing a decrease in the quantity of MSs detected within each animal, the biodistribution of MSs was slightly changed relative to nontreated animals following administration of the endocytosis blockers (Fig. S1) . 
Discussion
The transport across the mucus layer is an important aspect in particle uptake. We have recently published a paper where the interaction of adhesive particles with the mucus is discussed in more detail (Fig. 1) (51) . There are many factors involved in mucus transport that cannot be fully discussed here. For example, these particles are hydrophobic in nature, so there may be a hydrophobic driving force "pushing" particles toward the gut walls and away from the aqueous lumen. Regardless of the specific mechanisms involved in mucus transport, we feel that it occurs and the fact that orally fed particles (in absence of effects from the artificial isolated loop administration) also experience high uptake is strong evidence of this transport (51) .
These experiments (Fig. 1 ) provide qualitative and quantitative confirmation that polystyrene MSs are taken up by the absorptive epithelium and deposited throughout the rat. Historically, there have been several proposed mechanisms for MS absorption, including endocytosis, which was believed to be limited to particles with a diameter <50 nm. In addition, paracellular transport of MSs between the tight junctions of enterocytes and phagocytosis by M cells were believed to facilitate MS uptake. Although a number of studies have provided evidence that enterocytes can engulf MSs in vitro and in vivo, non-Peyer's patch uptake by intestinal enterocytes is thought to be minimal. Furthermore, only one literature review in the last decade has recognized the importance of enterocytes and the absorptive epithelium in MS uptake. Delivery to enterocytes would be highly advantageous, especially given that M cells comprise a relatively small proportion of the small intestine's total surface area.
Data from these studies challenge current dogma in the area of oral drug delivery. Using an in vivo isolated loop technique for mechanistic studies has the advantage of isolating a specific intestinal region and being able to deliver specific pharmacologic uptake inhibitors locally in a controlled manner. In contrast, in vitro cell culture models are used to study the transepithelial transport of small molecule drugs. Several groups have used in vitro cell culture models to study the absorption of starch, polystyrene, poly(acrylic acid), and poly(lactic-coglycolic acid). Many of these studies have used Caco-2 cells derived from a human colon adenocarcinoma cell line that differentiate into cells mimicking enterocytes. HT29 cells mimic goblet cells and incorporate a mucosal layer into the cell monolayers. Cocultures of Caco-2 and HT29 adenocarcinoma cells have been used to approximate the physiology of the small intestine, yet very few studies have looked at specific cellular mechanisms responsible for particle uptake. Furthermore, the predominant cell models (including Caco-2 cell monolayers) vary greatly in morphology, which may undergo even greater change in the presence of MS. Additionally, the relevance of an in vitro cell culture line to the dynamic in vivo environment (i.e., gastrointestinal mobility, fluid flow, mucus secretion, cell turnover) may not be suitable for studying the absorption, translocation, and biodistribution of MSs.
Transmission electron microscopy (TEM) in these studies revealed that 200-and 500-nm MSs were found within cytosolic vesicles. No exocytotic events were observed, which may be a result of the short duration of these experiments. We observed greater uptake of 500-nm polystyrene MSs in the absorptive epithelium of the jejunum than in the Peyer's patches of the ileum, indicating that an alternative mechanism to M cell phagocytosis facilitates MS uptake. Intestinal enterocytes are not capable of phagocytosis, which suggests that endocytosis facilitates MS uptake in the jejunum. Endocytosis of particles >1 μm has not been described in the literature, and only a single report by Rejman et al. noted that 500-nm MSs could be engulfed by endocytosis. Although the total uptake of 500-nm and 1-μm polystyrene MSs was lower relative to the total uptake observed following delivery of MSs locally to the jejunum and ileum, the uptake of MSs following oral delivery still comprised a relatively high proportion of the total administered dose.
In the jejunum and ileum, MS uptake steadily increased following MS administration, yet the manner in which they increased was slightly different. In the jejunum, MS uptake increased in a linear fashion, whereas in the ileum, MS uptake plateaued early in the study. One possible explanation for the lag time observed in the jejunum could be that more interaction time or intercellular signaling responses are required. In contrast, MS uptake in the ileum appeared to become saturated, leading to a plateau effect. Given these findings-and despite being the least studied mechanism-it is possible that a nonphagocytic mechanism in the jejunum is most responsible for MS uptake.
There are two known types of receptor-mediated endocytosis: clathrin dependent and clathrin independent. Our data suggest that the primary mechanism of MS uptake in the rat small intestine is via clathrin-mediated endocytosis in combination with caveolar-mediated endocytosis and phagocytosis. Clathrindependent endocytosis requires adaptor protein (AP) and a GTPbinding protein (dynamin) in addition to clathrin. AP2 facilitates membrane curvature and links the membrane proteins to clathrin, which is a three-limbed shaped protein that polymerizes to form cage-like structures. After transporting particles, clathrin must be recycled to form pits de novo; the binding site of AP2 must be inactivated to release clathrin (52, 53) . CPZ activates the recycling AP2 binding sites that are normally inactive and causes the binding of AP2/clathrin. The inhibition of clathrin recycling prevents further endocytosis (53). Okamoto et al. showed that 25 μg/mL of CPZ inhibits clathrin-dependent endocytosis in Chinese hamster ovary cells (54) .
Another well-known endocytotic pathway involves the formation of caveolae (cholesterol-rich membrane regions) that can easily invaginate due to a localized increase in membrane flexibility. Caveolae can bud off from the membrane, resulting in endocytosis of extracellular content. PMA exerts its effects through a protein kinase C-mediated mechanism, specifically through the phosphorylation of caveolin, a necessary protein in the formation of caveolae, to inhibit caveolin-mediated endocytosis without affecting the return of vesicles to the cell surface (55). Smart et al. showed an absence of folate uptake in M104 cells treated with PMA, specifically through the inhibition of a caveolin-mediated uptake mechanism (56) . Similar results with micromolar concentrations of PMA have also been seen inhibiting virus entry into cells (57) .
Although MSs were distributed throughout the rat, the majority of particles were found in the liver. Following MS delivery to the ileum, numerous MSs were spread among many organs, including the heart and spleen. This shift in organ distribution supports the theory that there may be different particle uptake mechanisms and distribution pathways. Peyer's patches are often referred to as gut-associated lymphoid tissue, or GALT, due to the fact that lymph nodes occupy the mucosal layer immediately beneath Peyer's patches. Increased MS distribution to the heart and spleen may be the result of MS traveling in the lymph, which passes through the lymphatic ducts and returns into the systemic circulation through the thoracic duct. Lymph does not undergo first pass metabolism, which may have allowed some of the MS to bypass the liver via lymphatic circulation. When MSs are delivered to the jejunum, distribution to the spleen and heart diminish due to an absence of FAE and Peyer's patches; these particles enter the hepatic circulation and are directed to the liver, which may lead to greater particle accumulation in the liver.
Conclusions
The uptake kinetics and biodistribution of polystyrene MSs following oral or local delivery to rat intestine was dependent on MS size, location, and route of administration. This study demonstrated that the nonlymphoid tissue of the absorptive epithelium can absorb MSs and facilitate their biodistribution throughout the rat. The relatively high degree of MS uptake in the absorptive and nonabsorptive epithelium indicates that endocytotic and phagocytotic mechanisms are responsible for MS uptake in the small intestine. These findings may potentially guide research aimed at delivering specific molecules to target organs. In addition, the methods and in vivo model used herein may also be useful to toxicologists who are interested in determining the fate or tissue distribution of microparticles, including whether such particles can cross the blood-brain barrier.
Materials and Methods
Polystyrene MSs with mean diameters of 500 nm and 1, 2, and 5 μm were purchased from Polysciences and administered both locally using an isolated loop procedure (with and without the addition of pharmacologic inhibitors CPZ, PMA, CytB and CytD, and colchicine) and by oral gavage. Total MS uptake following oral administration was quantified after 5 h. All animals were killed and had the following samples collected: portal vein blood (∼1 mL), celiac arterial blood (∼1 mL), lungs, heart, spleen, kidneys, liver, stomach, stomach rinse, duodenum, duodenum rinse, jejunum, jejunum rinse, ileum, ileum rinse, cecum, cecum rinse, colon, colon rinse, and brain. Gel permeation chromatography, TEM, and confocal microscopy were used to analyze the uptake of MS from collected tissues. For more details, see SI Materials and Methods. 
